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Hubert Amrein and Richard Axel also is essential in oogenesis and in the control of dos-
age compensation (reviewed in Oliver et al., 1993; Gor-Department of Biochemistry and Molecular Biophysics
Howard Hughes Medical Institute man and Baker, 1994; Baker et al., 1994; Kelley and
Kuroda, 1995). Dosage compensation is accomplishedCenter for Neurobiology and Behavior
College of Physicians and Surgeons by a complex of at least four proteins (male-specific
lethal 1, 2, and 3 [MSL-1, MSL-2, and MSL-3] and male-Columbia University
New York, New York 10032 less [MLE]) that in association with an RNA is thought
to alter the chromosomal configuration of many genes
on the single X chromosome in male cells (Kuroda et
al., 1991; Palmer et al., 1993; Bashaw and Baker, 1995;Summary
Gorman et al., 1995; Kelley et al., 1995; Zhou et al.,
1995). In this manner, transcription from most X-linkedWe have identified two genes, roX1 and roX2, whose
genes is enhanced approximately 2-fold in the maleexpression in the adult fly is restricted to neurons of
(Mukherjee and Beermann, 1965; Breen and Lucchesi,males. The two genes reside on the X chromosome,
1986). In the female, SXL is thought to interact with msl-2and each encodes an RNA with no apparent open
RNA, inhibiting its translation and thereby repressingreading frame. Both genes are physically linked to
dosage compensation (Bashaw and Baker, 1995; Kelleyfemale-specific genes that encode proteins expressed
et al., 1995). Thus, Sxl regulates sexually dimorphic pro-in the ovary: opt1, a novel peptide transporter, and
cesses including dosage compensation, somatic differ-nod, a member of the kinesin family. The male-specific
entiation, and specific behaviors.transcripts are positively regulated by the dosage
The expression of functional TRA protein in the mush-compensation pathway in an all-or-none fashion. Our
room bodies of an otherwise XY organism “feminizes”data suggest that the multimeric complex of dosage
this dorsal brain structure such that these XY flies nowcompensation proteins may operate in different ways
exhibit bisexual courtship behaviors (O’Dell et al., 1995).on different sets of X-linked genes.
We therefore reasoned that the neurons of the mush-
room body might express different genes in the twoIntroduction
sexes. We devised an experimental approach that has
led to the isolation of male-specific genes whose ex-In the fruit fly, Drosophila melanogaster, sexual dimor-
pression is restricted to neurons. We exploited an en-phism is regulated by a single gene, Sex lethal (Sxl). Sxl
hancer trap line in which expression of a Gal4 transgenegoverns two regulatory pathways, sexual differentiation
is restricted to the mushroom bodies to generate mush-and dosage compensation, and is also essential during
room body–specific cDNA libraries from males and fe-oogenesis (Mattox et al., 1992; Oliver et al., 1993). The
males. Differential screening of these libraries has ledpathways controlled by Sxl are ultimately thought to
to the isolation of two male-specific genes expressedactivate sex-specific transcription factors, but thegenes
widely in neurons of the brain and the peripheral nervousresponsible for the phenotypic character of maleness
system. These two male-specific genes are X-linked andor femaleness have not been identified.
are controlled by the dosage compensation pathway.Sxl expression is restricted to females as a result of
The male-specific transcripts are noncoding, are con-a complex counting mechanism that measures the
fined to the nucleus, and are linked to female-specificX-to-autosome (X:A) ratio (Parkhurst et al., 1990; Bopp
genes that encode proteins of known functions. Theseet al., 1991; Keyes et al., 1992). In females, an X:A ratio
data suggest a model of gene control in which X-linked,of 1 leads to expression and autoregulation of Sxl,
male-specific, noncoding RNAs regulate the expressionwhereas an X:A ratio of 0.5 in males does not elicit
of linked genes expressed only in the female.functional Sxl expression (Cline, 1984; Bell et al., 1988).
SXL activates the female-specific splicing of trans-
former (tra; Sosnowski et al., 1989; Inoue et al., 1990). Results
Functional tra is necessary to elicit female sexual differ-
entiation but must be absent for male sexual differentia- Experimental Strategy
We devised an experimental approach to identify sexu-tion. The effect of tra is mediated by at least two genes,
double sex (dsx; Nagoshi et al., 1988; Burtis and Baker, ally dimorphic genes in the mushroom bodies of Dro-
sophila. The mushroom body of the fly, a dorsal brain1989) and fruitless (fru; Ryner et al., 1996). dsx regulates
sexual differentiation in the soma (Hildreth, 1965), structure consisting of about 2500 neurons, is thought
to integrate olfactory sensory input and control sex-whereas fru is thought to govern mating behaviors and is
likely to berequired in subpopulations of central neurons specific behaviors (Hall, 1977; Heisenberg et al., 1995;
O’Dell et al., 1995; and reviewed in Davis, 1993; de Belle,(Gailey and Hall, 1989; Ryner et al., 1996). The role of
tra in controlling these pathways is illustrated by the 1995). The enhancer trap line 30Y carries a Gal4
transgene whose expression is restricted to the mush-observation that XX pseudomales carrying a mutation
in tra exhibit normal male differentiation and courtship room body (Yang et al., 1995). We constructed a second
line that contains a green fluorescent protein transgenebehavior (Hall, 1978).
Sxl not only regulates somatic sex determination; it (GFPS65T; Heim et al., 1995) under the control of the
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roX1 and roX2, respectively. (The sequences of the two
cDNAs have been deposited with GenBank.) From both
genes we isolated several additional large cDNA clones
that differed structurally from 10.A2 and 78.13, presum-
ably as a consequence of differential RNA processing
(Figure 2B). Six additional clones were completely se-
quenced, and none of these cDNAs could encode larger
peptides (Figure 2B). Moreover, PCR analysis demon-
strated that the longest forms of roX1 (10A.2) and roX2
(78.13) reflect unspliced RNAs identical to the chromo-
somal gene (data not shown). These data suggest that
the two male-specific genes generate noncoding RNAs.
The two genes were mapped by in situ hybridization toFigure 1. Visualization of Mushroom Body Neurons
polytene salivary gland chromosomes to 3F (roX1) and(Left) Micrograph showing a dissected central brain from a fly het-
erozygous for both the Gal4 transgene expressed only in the mush- 10B (roX2) on the X chromosome (data not shown).
room bodies (enhancer trap line 30Y; Yang et al., 1995) and the GFP
reporter gene driven by a Gal4 UAS (line GFP22A).
(Right) Micrograph showing the same brain in which GFP expression roX1 and roX2 Are Sex-Specific and
was viewed using a standard fluorescein isothiocyanate filter set.
Neuron-Specific in the Adult MaleFluorescent staining is restricted to the cell bodies and processes
The sites of expression of these male-specific genesof the mushroom bodies. The cell bodies are located at the top; the
were examined by RNA in situ hybridization to sectionsaxon tracts of the a lobes extend downward from the cell bodies
and are orthogonal to the axon tracts from the b and g lobes at the of the head and the entire body of both males and fe-
bottom. Note that the optic lobes were removed. males with digoxigenin-labeled antisense RNA probes
(Figures 3 and 4). The cellular pattern of hybridization
GAL4-responsive element, UAS. Progeny from a cross is identical for the two genes, but roX1 is about 4-fold
between these two homozygous transgenic lines show more abundant than roX2. The two male-specific genes
intense expression of GFP solely in the bilaterally sym- are expressed in the cell bodies of the central brain and
metric mushroom bodies (Figure 1). the mushroom bodies, the neurons of the optic lobe,
Brains from male and female flies were dissected and and the interneurons of the antennal lobes (Figure 3A).
dissociated. Cells were subjected to fluorescence-acti- Thus, the two genes appear to be expressed in most
vated cell sorting to obtain an enriched population of neurons of the brain. roX1 and roX2 are also expressed
neurons from the mushroom bodies. RNA was isolated in peripheral neurons, notably the photoreceptor cells
from GFP-positive cells from either males or females. (Figure 3B) as well as the olfactory neurons in the third
cDNA was synthesized and amplified by polymerase antennal segment (Figure 4). In sections through the
chain reaction (PCR) using a procedure we recently de- body, strong expression was observed in the thoracic
veloped to generate representative cDNA libraries and ganglia (Figure 4). Expression was not detected in mus-
complex cDNA probes efficiently from RNA from small cle, testes, epithelium, and other nonneuronal cells, with
numbers of cells (Dulac and Axel, 1995). To identify the exception of a small region within the digestive tract
genes expressed in neurons of the male mushroom (Figure 4). No expression was observed in either neural
body, a male cDNA library from GFP-positive cells was or nonneural tissue of females (Figures 3 and 4). Thus,
constructed and differentially screened with male- and roX1 and roX2 are largely expressed in neural tissues
female-specific cDNA probes made from mushroom of the adult male. Moreover, the expression of roX1 and
body RNA. An initial screen of 4000 clones identified 26 roX2 appears to be confined to the nucleus. This is most
male-specific cDNA clones. The cDNA inserts from each clearly demonstrated in the photoreceptor cells of adult
of these clones were amplified by PCR, and the PCR males and in the large salivary gland cells of a male
products were analyzed by Southern blot hybridization third-instar larva (see below; Figure 3B).
with the same male- and female-specific mushroom Preliminary analysis of the expression of these genes
body cDNA probes. This more sensitive analysis for during development reveals that in embryos, larvae, and
specificity of expression demonstrated that 3 of the 26 pupae, expression is not restricted to neurons but is
clones were indeed expressed only in males. present in many cell types. Expression restricted to male
These clones encode two different genes, roX1 and neurons is not observed until late in the pupal stage.
roX2 (roX for RNA on the X chromosome; see below). Moreover, early in embryogenesis, expression is ob-
Northern blot analysis revealed expression in the head served in both male and female embryos, and sex-spe-
and preparations of thorax and abdomen of males but cific expression is likely to occur late in embryogenesis.
not those of females (Figure 2A). The sizes of the major We find roX1 and roX2 expression in all embryos (up to
mRNA species (3.7 kb for roX1 and 1.1 kb for roX2) 6 hr after egg laying), but only 50% of late embryos (12
correspond closely to the sizes of the longest cDNAs to 24 hr after egg laying), presumably themales, express
(roX1–10.A2 and roX2–78.13) we isolated from a head- the male-specific genes.
specific cDNA library. In situ hybridization experiments
(see below) revealed that both genes are expressed in
central and peripheral neurons in the male but not the roX1 and roX2 Are Controlled by the Dosage
Compensation Genesfemale nervous system. Sequence analysis of the lon-
gest cDNA clones revealed that the longest open read- We next asked whether the expression of roX1 and roX2
was controlled by any of the known sex determinationing frames encoded only 59 and 45 amino acids for
Genes Expressed in Male Drosophila
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Figure 2. Male-Specific Expression of roX1
and roX2
(A) Northern analysis of roX1, roX2, n-syb,
and rp49. Five micrograms of total head (H)
RNA and 10 mg of RNA from thorax and abdo-
men (TA) of males and females were loaded
per lane. Four individual Northern blots were
hybridized with 32P-labeled probes derived
from cDNA clones of roX2, roX1, n-syb, and
rp49, respectively. n-syb expression is re-
stricted to neurons in the brain and served
as a control for head-specific expression (Di-
Antonio et al., 1993). rp49 encodes a ribo-
somal protein and was used to monitor RNA
loading (O’Connell and Rosbash, 1984). Fil-
ters were exposed for 60 hr (roX1, roX2, and
n-syb) or 24 hr (rp49). Note the male-specific
expression of roX1 and roX2. The weak signal
found in females with the roX1 probe was
estimated to be about 50 times less abundant
than that from males and was not always ob-
served.
(B) Structure of different cDNA clones from
the roX1 and roX2 genes. 10.A1 contains a
single intron of 68 nucleotides; 10.Ap12.2
contains a single intronof about 1200 nucleo-
tides; and 78.2.2B contains two introns of 141
and about 250 nucleotides. None of the
spliced cDNAs contains any open reading
frame longer than 59 (roX1) and 45 (roX2)
amino acids. (The sequences have been de-
posited with GenBank.)
genes. In initial experiments, we found that XX flies ho- shown). These flies are reduced in viability, indicating
that dosage compensation is significantly but not com-mozygous for hypomorphic Sxl alleles (Sxlfm7M1/SxlM1fm3)
(Cline, 1984), which are transformed into pseudomales, pletely suppressed (Cline, 1984). These observations
indicate that the two male-specific genes are regulatedexpress both roX1 and roX2 in the brain (data not
Figure 3. Male-Specific Expression of roX1 and roX2 in the Brain
(A) In situ hybridization of antisense digoxigenin RNA probes for roX1 and roX2 RNA to sections from wild-type male and female heads.
Expression is very strong in the mushroom bodies, the half-moon–shaped structure underneath the dorsal head capsule (at the top of the
head); the neurons of the central brain, which form a V-shaped structure; the lamina and medulla (the lateral curved thick cell layer); and the
photoreceptor cells in the eye. Note the generally weaker staining of roX2. Signal observed in the pigment cells in the eye is a probe independent
and nonspecific and varies in different experiments (see also Figures 5 and 6).
(B) In situ hybridization of antisense digoxigenin RNA probes for roX1 and roX2 RNA to sections from an adult male eye and male third-instar
larva salivary glands. Expression of both roX1 and roX2 is confined to the nuclei of both neuronal and nonneuronal cells. Arrows and solid
lines indicate nuclei and cell bodies of photoreceptor cells, respectively.
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Figure 4. Male-Specific Expression of roX1
and roX2 in Thoracic Ganglia and Peripheral
Neurons
In situ hybridization of antisense digoxigenin
RNA probes for roX1 and roX2 RNA to sec-
tions from whole male flies or male antennae
and from whole female flies or female anten-
nae (antennae, middle row). In addition to the
brain, roX1 and roX2 expression is visible in
the thoracic ganglion of the male and in the
second and third antennal segments, where
olfactory neurons are located. The only non-
neuronal signals are found in the region of the
digestive tract of males. Note the complete
absence of any signal in male muscle tissue,
internal male organs, and all tissue of fe-
males. Signal observed in the adult cuticle is
probe-independent and nonspecific.
by Sxl. Sxl may regulate these genes through its action reduced in viability and fertility and are delayed in devel-
on the sex determination pathway or the dosage com- opment, suggesting that even in the absence of heat
pensation pathway. shock, msl-2 RNA is expressed, resulting in partial acti-
We therefore analyzed the expression of roX1 and vation of the dosage compensation system. In situ hy-
roX2 in flies mutant for the sex-determining genes tra bridization to head sections from females carrying the
(Sturtevant, 1945; Baker and Ridge, 1980), transformer2 msl-2 transgene reveals roX1 and roX2 expression even
(tra2; Watanabe, 1975; Baker and Ridge, 1980), dsx (Hil- in the absence of heat shock (Figure 6). The neuron-
dreth, 1965; Baker and Ridge, 1980; No¨thiger et al., specific pattern of expression of roX2 is the same in
1987), intersex (ix; Morgan et al., 1943; Chase and Baker, msl-2 transgenic females as in wild-type males. roX1
1995), and fru (Gailey and Hall, 1989) by performing in RNA is expressed in neurons of these msl-2 transgenic
situ hybridization experiments to brain sections from females at lower levels than in wild-type males, with the
these mutant flies (Figure 5). Sections from heads of exception of the photoreceptor cells. Moreover, roX1 is
both XX and XY homozygous animals were hybridized expressed only in patches of neurons in brains of these
with digoxigenin-labeled antisense RNA probes for roX1 females (Figure 6).
(Figure 5A) and roX2 (Figure 5B). Expression of roX1 In XY animals, msl-2 activates the dosage compensa-
and roX2 was not detected in any of the pseudomales tion pathway by acting in concert with three constitu-
generated by these mutations, nor were they detected tively expressed genes, msl-1, msl-3, and mle (Hilfiker
in chromosomal female flies homozygous for fru or ix. et al., 1994; Gorman et al., 1995; Rastelli et al., 1995).
However, expression was observed in XY animals for To test whether the entire complex of genes required
each of the mutant genotypes. These data suggested for dosage compensation is also required for roX1 and
that roX1 and roX2 expression is independent of this roX2 expression, females carrying the msl-2 transgene
cascade of genes essential for sex-specific differenti- and carrying mutations for either msl-1, msl-3, or mle
ation. were analyzed. roX1 and roX2 expression was not de-
We next asked whether the male-specific RNAs were tectable in females homozygous for a mutation in any
positively regulated by the dosage compensation path- of the three dosage compensation genes (Figure 6), indi-
way. In females, the dosage compensation pathway is cating that the complex of proteins required for dosage
inactive because msl-2 gene function is negatively regu- compensation is required for activation of roX1 and
lated by Sxl (Bashaw and Baker, 1995; Kelley et al., 1995; roX2.
Zhou et al., 1995). We therefore analyzed the expression
of the male-specific RNAs in females that contain an
roX1 and roX2 Are Linked to Female-Specific Genesmsl-2 transgene under the control of the hsp83 heat
In mammals, it is thought that expression of noncodingshock promoter. This transgene lacks the regulatory
RNAs such as Xist and H19 negatively regulates linkedsequences necessary for Sxl dependent repression (Kel-
genes (Leighton et al., 1995; Penny et al., 1996). A linkedley et al., 1995); therefore, RNA transcribed from this
gene that may be repressed by roX1 or roX2 will bemsl-2 transgene is constitutively translated and inde-
pendent of Sxl repression. msl-2 transgenic females are expressed only in females. We therefore searched for
Genes Expressed in Male Drosophila
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Figure 5. roX1 and roX2 Expression Is Independent of the Sex Determination Genes
In situ hybridization of antisense digoxigenin RNA probes derived from a cDNA clone of roX1 (A) or roX2 (B) to sections from heads of flies
homozygous for various sex-determination genes. None of the mutants affects the expression of either gene in the brain of XY animals (male-
like expression) or XX animals (no expression), regardless of the phenotypic sex of these animals: XX; tra/tra, XX; tra2/tra2, and XX; dsx-/dsxD
are pseudomales; XX; fru/fru are fertile females. The same result was obtained in flies homozygous mutant for ix (data not shown). The pattern
of expression in the eyes of XY; tra/tra, XY; tra2/tra2, and XY; dsx-/dsxD males is altered owing to the reduced size of the BS eyes in these
animals. The sections shown for fru males are more anterior than the sections from the other genotypes.
female-specific genes that may be physically linked to encoding 737 amino acids that showed high homology
to members of the class of 12 transmembrane domaineither roX1 or roX2. Cosmid clones containing the roX1
and roX2 genes were isolated from the iso-1 cosmid oligopeptide transporters (Figure 8; Fei et al., 1994; Li-
ang et al., 1995; Saito et al., 1996). In situ hybridizationlibrary (Tamkun et al., 1992), digested with restriction
endonucleases, and subjected to Southern blot analysis using antisense digoxigenin-labeled RNA probes from
opt1 (opt1 for oligo peptide transporter 1) to sectionsusing head and body cDNA probes from either male or
female flies. This “reverse Northern” analysis identified of whole females shows expression largely restricted to
nurse cells in the ovary (data not shown).restriction fragments from the cosmids that annealed
strongly with female cDNA but not with male cDNA. A Analysis of cosmids containing the roX2 gene re-
vealed that roX2 is closely linked (within 1 kb) to a pre-DNA fragment from the cosmid containing roX1 that
annealed strongly to cDNA from female bodies was then viously identified, female-specific gene, no distributive
disjunction (nod; Zhang et al., 1990). nod has beenused as a probe to isolate cDNA clones from cDNA
libraries from adult flies. cDNA probes hybridized to a mapped to 10B on the X chromosome, the same chro-
mosomal region in which roX2 resides. nod is a member2.5 kb transcript in female body RNA, but not to male
RNA nor to RNA from heads (Figure 7). Nucleotide se- of the kinesin family of genes shown to be essential
for proper segregation of nonexchange chromosomesquence of cDNA clones revealed an open reading frame
Cell
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Figure 6. roX1 and roX2 Expression Is Dependent on the Dosage Compensation Genes
In situ hybridization of antisense digoxigenin RNA probes for roX1 and roX2 RNA to sections from heads of females carrying an msl-2 transgene
in a wild-type background (Female, hsp83→msl-2) or of females homozygous mutant for mle or msl-1. Expression of both genes is found in
msl-2 transgenic females of an otherwise wild-type background but not in msl-2 transgenic females lacking msl-1, mle, or msl-3 function
(data not shown). Sections from wild-type males and wild-type females are included as controls. In msl-2 transgenic females, expression of
roX1 is clearly visible in the photoreceptor cells but is very sparse in the brain, with only a few positive cells. (Development time of signal
detection was increased in this experiment 3-fold to enhance the appearance of positive cells in the brain.)
during female meiosis (Carpenter, 1973; Zhang and identified two genes, roX1 and roX2, whose expression
Hawley, 1990; Zhang et al., 1990). In the adult, the ex- is largely restricted to neurons of male flies. The two
pression of the nod gene is restricted to the female genes reside on the X chromosome, and each encodes
germline. Thus, both roX1 and roX2 are closely linked an RNA that is confined to the nucleus and contains no
to female-specific genes on the X chromosome (Fig- large open reading frame. Both genes are physically
ure 9). linked to female-specific genes that encode proteins
expressed in the ovary. The male-specific transcripts
Discussion are positively regulated by the dosage compensation
pathway in an all-or-none fashion.
We devised an experimental approach to isolate genes
differentially expressed in neurons of the two sexes. We roX1 and roX2 Are Regulated by the Dosage
Compensation System
The dosage compensation pathway is active only in
males. In females, SXL represses the translation of msl-2
RNA (Bashaw and Baker, 1995; Kelley et al., 1995; Zhou
et al., 1995), an essential component in this pathway. In
males, MSL-2 is thought to associate with the proteins
encoded by three additional male lethal genes (msl-1,
msl-3, and mle) which then binds to distinct sites along
the X chromosome (Hilfiker et al., 1994; Gorman et al.,
1995; Rastelli et al., 1995). This complex, by altering
chromatin structure, allows a 2-fold increase in the tran-
scription rate of many X-linked genes (Mukherjee and
Beermann, 1965; Breen and Lucchesi, 1986).
Our data suggest that this multimeric complex of dos-
age compensation proteins may regulate different sets
of X-linked genes in different ways. The dosage com-
pensation pathway results in a roughly 2-fold increase
Figure 7. High Level of Expression of opt1, a Gene Linked to roX1, in the level of transcription of a large number of X-linked
Is Restricted to the Female Body genes in male cells. We show that the same complex
Northern analysis of the Drosophila oligopeptide transporter opt1 of proteins may regulate a subset of X-linked genes,
shows expression in the thorax and abdomen of females. Five micro- including roX1 and roX2, in an all-or-none inductive
grams of total head (H) RNA and 10 mg of RNA from thorax and
fashion such that these genes are expressed only inabdomen (TA) of males and females were loaded per lane. The
male cells. Thus, this complex of dosage compensationNorthern blot was hybridizedsimultaneously with 32P-labeled probes
proteins may operate in different ways on different setsderived from an opt1cDNA clone and an rp49 cDNA clone (to control
for RNA loading). The filter was exposed for about 40 hr. of X-linked genes.
Genes Expressed in Male Drosophila
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Figure 8. opt1 Is Highly Homologous to Mammalian H1/Oligopeptide Transporters
opt1 exhibits strong homology to mammalian 12 transmembrane oligopeptide transporters. Conceptual translation of the cDNA clone encoding
the putative Drosophila oligopeptide transporter opt1 reveals an open reading frame that could encode a protein of 737 amino acids. The
sequence of two mammalian oligopeptide transporters are aligned to opt1 (Liang et al., 1995; Saito et al., 1996). Black boxes indicate conserved
amino acids; lines above the sequence indicate hydrophobic stretches that putatively pass the membrane.
It is possible that roX1 and roX2 RNA, which are regu- an adaptor function, as in the caseof tRNA; an enzymatic
function, as exhibited by ribozymes; or a regulatorylated by the dosage compensation complex in an all-
or-none fashion, may participate with this complex to function controlling gene expression, as proposed for
Xist in the inactivation of X-linked genes in female cellselicit the 2-fold up-regulation of the majority of X-linked
genes. Recent data suggest that RNA components are of mammals (Lee et al., 1996; Penny et al., 1996). Finally,
the RNA transcript itself may be irrelevant; rather, therequired for dosage compensation. mle encodes a pro-
tein with homology to mammalian RNA/DNA helicases expression of one gene may preclude the activation of
a linked gene that shares a common regulatory element,(Kuroda et al., 1991). Furthermore, the association of
the dosage compensation complex with the single X as suggested for H19 and Igf-2 (Leighton et al., 1995).
In many respects, roX1 and roX2 are reminiscent ofchromosome in male salivary gland nuclei is RNAse-
sensitive (Richter et al., 1996), suggesting that an RNA Xist in mammals. Xist is a noncoding RNA transcribed
solely from the inactive X chromosome in female cells;component is essential for this association. roX1 and
roX2 may therefore be integral components of this regu- it remains highly localized in the nucleus and coats the
inactive X chromosome (Brockdorff et al., 1992; Brownlatory complex.
et al., 1992; Clemson et al., 1996). Xist RNA is thought
to participate, in cis, in the repression of the X-linkedRepression in cis: A Possible Role
for the Male-Specific RNAs genes that undergo inactivation (Lee et al., 1996; Penny
et al., 1996.) roX1 and roX2 also generate noncodingHow may these noncoding RNAs function? Noncoding
RNAs may be structural components of a cellular organ- RNAs that are confined to the nucleus. Moreover, inde-
pendent studies demonstrate that roX1 RNA coats theelle, such as the ribosome. Alternatively, they may serve
Cell
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Experimental Procedures
Construction of the GFP Reporter Strain
The EcoRI–BamHI fragment from plasmid bsSK.GFPS65T con-
taining the coding sequence of the GFPS65T gene (Heim et al.,
1995) was inserted into the EcoRI/BglII sites of the transformation
vector pUAST (Brand and Perrimon, 1993). This DNA was coinjected
with pp25.7wc helper plasmid into w1118 Drosophila embryos (Rubin
and Spradling, 1982). Transformants were selected from the back-
cross of the G0 progeny to w1118 partners based on their eye color
phenotype, and homozygous lines were established. Line GFP22A
was then used in combination with the mushroom body enhancer
line 30Y to generate the double heterozygous flies expressing GFP
only in the mushroom body.
Dissociation of Brain Neurons and FACS Analysis
Homozygous females from the Gal4 enhancer trap line 30Y were
crossed to homozygous males from the reporter strain GFP22A.
About 100 male and female brains from the progeny of this cross
were dissected and dissociated. The brains were removed from the
head capsule with two fine-tip forceps and placed in Schneider’s
medium (IM-009-B, Specialty Media) without serum at 48C. The me-
dium was carefully removed, with enough left behind to cover the
brains. Five hundred microliters of D-PBS without Ca21 and Mg21
(BSS-1006, Specialty Media) was added to gently wash the tissue,
and the medium was removed again. This wash was repeated twice.
After the last wash, 200 ml D-PBS without Ca21 and Mg21 (room
temperature) and 200 ml Low Trypsin–High EDTA solution (SM-
2004-C, Specialty Media) were added, and the solution was mixed
gently with a micropipette. After 2–3 min, the brains were suckedFigure 9. roX1 and roX2 Are Closely Linked to Female-Specific
into the pipette with FluoroPel pipette tips (Ulster Scientific), firstGenes
just to loosen the tissue and then to dissociate the brains gradually
Genomic organization of the female-specific genes linked to roX1
into single cells or small cell clusters. Two hundred microliters of
and roX2 at 3F and 10B, respectively. An arrow indicates the direc- Schneider’s medium with 10% FBS was added, and the cell suspen-
tion of transcription for each gene. The approximate position of the sion was then transferred into a 1.5 ml microcentrifuge tube and
second intron in opt1 was determined by PCR on cosmid DNA placed on ice. The dish was rinsed twice with 500 ml Schneider’s
clones and genomic DNA. Additional small introns may have es- medium without serum to recover remaining cells. The tube was
caped this analysis. kept on ice for a few minutes to allow the clearly visible pieces of
tissue to settle to the bottom of the tube. The cell suspension was
then transferred into a new tube and used for FACS analysis. GFP-X chromosome in themale salivary gland nucleus (Meller
positive cells were sorted in a flow cytometer by monitoring theet al., 1997 [this issue of Cell]). Finally, both roX1 and
fluorescence emission at 490 nm.roX2 are linked to female-specific genes that are ex-
pressed only in cells in which roX1 and roX2 are off. Construction of Sex-Specific Mushroom Body cDNA
roX1 and roX2 may therefore serve to repress in cis a Libraries and Differential Screening
subset of X-linked female-specific genes represented The purified GFP-positive and GFP-negative cells from males and
females (about 100,000 GFP-positive cells each and about 5 3 106by nod and opt1. In preliminary experiments, we ob-
GFP-negative cells) were used to prepare total RNA using RNAzolserved that ectopic expression of an msl-2 transgene
according to the instruction of the supplier (TEL-TEST, Inc.). Thecan down-regulate female-specific genes such as nod
RNA was resuspended in water (10 ml for GFP-positive and 100 ml
and opt1 in female cells (data not shown). These data for GFP-negative cells), and 0.5 ml was used to generate first-strand
suggest that the dosage compensation pathway may cDNA, which was subjected to PCR to obtain large amounts of
normally repress a subset of X-linked genes in male cDNA as described in Dulac and Axel (1995). The PCR products
were analyzed by Southern blots hybridized with 32P-labeled GFPcells. Moreover, the observation that roX1 can coat the
and dunce probes. The GFP signal was more than 500-fold strongerentire X chromosome suggests that it may in fact be
in the cDNA from the GFP- positive cells than in cDNA from theinvolved in regulating more distantly located genes in
GFP-negative cells. The dunce signal was about three to five times
male cells. stronger in the GFP-positive cDNA than in GFP-negative cDNA.
Finally, the identification of a set of genes expressed Enrichment of dunce cDNA in GFP-positive cells was expected,
solely in neurons of adult males suggests that these since higher levels of dunce RNA was found in mushroom body
neurons as compared to other regions of the brain (Nighorn et al,genes may play a role in governing dimorphic sexual
1991). Two cDNA libraries were constructed from the GFP-positivebehavior. We have demonstrated that pseudomales that
cells from both sexes. About 4000 clones from each library wereresult from mutations in tra or tra2 in an XX animal do not
plated at low density (z500 clones/140 mm plate), and two filters
express the male-specific genes. These pseudomales (Hybond-N1, Amersham) from eachplate werescreened with probes
develop as normal males (with the exception of the dif- derived from the same cDNAs that were used to generate the male-
ferentiation of the germline) and exhibit normal male and female-specific cDNA libraries. Probes were generated by PCR
as described in Dulac and Axel (1995). Twenty-six putative male-behavior (Hall, 1978; Belote and Baker, 1987). These
specific and 11 putative female-specific phage clones were pickedobservations suggest that the male-specific transcripts
into 500 ml SM, and their DNA inserts were amplified using T3 andare not essential for male differentiation or male behav-
T7 primers and reanalyzed by Southern blot hybridization. Three
ior. However, the absence of these RNAs in the female male-specific clones remained male-specific after this more sensi-
may be essential to activate a set of genes governing tive and stringent analysis. Sequence analysis revealed that the
three clones represented two different genes, roX1 and roX2.female behavior.
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providing the head cDNA library and advice on in situ hybridizationand Isolation of Genomic Clones from a Drosophila
Cosmid Library experiments; Jeff Hall, Res Hilfiker, Kim Kaiser, and Rolf No¨thiger
for fly strains; J. Tamkun for the cosmid library; and Tyler Cutforth,cDNA libraries from heads (a gift from Dr. Leslie Vosshall) and anten-
nae were prepared using polyA1 RNA from heads or purified anten- Tom Jessell, Gary Struhl, Andrew Tomlinson, and Leslie Vosshall
for helpful discussions and critical reading of the manuscript. Wenae (polyA1 RNA isolation kit and lZAPII vector cloning kit, Stra-
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grateful to Phyllis Kisloff for assistance in preparing the manuscript.with probes from the two original male-specific clones obtained
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tute and grants from the National Institutes of Health (CA 23767 andand hybridization (14–20 hr) were carried out in 0.5 M NaPO4 buffer
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ml salmon sperm DNA with 32P-labeled probes. Filters were washed
three times for 30 minutes each time with 0.23 SSC/0.5% SDS at Received November 8, 1996; revised January 7, 1997.
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